Power oscillation damping (POD) is one of the ancillary services expected from high-voltage direct current (HVDC) converters. When providing POD to the ac side, converters draw power from the dc side, which can cause distortion to the dc voltage especially in the case of limited dc capacitance. In meshed/multi-terminal HVDC grids, where dc voltage regulation is distributed using a dc voltage droop control strategy, the distortion due to the POD controller action is propagated to other connected ac grids because of the droop action. This propagation can be reduced by using the inherent energy storage capability of the modular multilevel converter (MMC), which is a common converter topology for HVDC. Different methods to utilise the energy stored in the MMC for the purpose of POD have been proposed in the literature. This study presents a detailed analysis and experimental validation of one of these methods, referred to as virtual capacitance support, which increases the effective dc grid capacitance by using the stored energy of multiple MMCs connected in the same grid. The experiments, which were carried out using power hardware in the loop setup, demonstrated the effectiveness of the method.
Introduction
Massive integration of remote renewable energy sources and the need for flexible power trading between neighbouring countries have led to the installation of numerous high-voltage direct current (HVDC) interconnectors. Due to the increased presence of HVDC converters, transmission system operators are requiring them to have the capability to provide services such as power oscillation damping (POD) to connected ac networks, which were traditionally delivered by equipment like synchronous generators [1] . A number of studies on POD using power electronic converters can be found in recent literature [2] [3] [4] [5] [6] [7] . The main goal of a POD controller is to improve damping of electromechanical modes (usually in the range 0.2-2 Hz [8] ) by modulating either active or reactive power [3] . This paper focuses on POD using the former approach where the converter injects active power into the ac side at the frequency of the oscillation but in counter phase. The challenge of using active power is that it has to be balanced instantaneously by power drawn from another source. In traditional POD implementations using HVDC converters, this other power source is the dc link (grid) capacitance, which has a very limited storage capacity. Consequently, the dc voltage can be distorted by the oscillation, which can be particularly challenging in meshed/multi-terminal dc grids where dc voltage regulation is often distributed by using the droop method. This is because converters participating in the dc voltage regulation react to the voltage distortion by injecting an opposing active power drawn from their respective ac grids. This effectively couples the ac networks and leads to the propagation of the low-frequency oscillations between the ac grids. In addition to the disturbance experienced by the other ac grids, the propagation of the oscillations also indicates that there can be an inter-ac-grid dynamic coupling in the electromechanical range. This can lead to undesired interaction between power system stabilisers located in different ac grids, such as the one reported in [9] . This problem can be mitigated by leveraging the energy storage capability of the modular multilevel converter (MMC), which is currently the most flexible and preferred converter topology for HVDC. The MMC is composed of strings of sub-modules, each with its own capacitors that are suited for quickly absorbing and releasing fluctuating active power in the electromechanical range.
Two approaches for utilising the MMC energy in such a manner are found in literature [10] [11] [12] : (i) cancelling the oscillation in the dc side by injecting the required power from the capacitors of the source converter (the one providing POD) [10, 11] and (ii) increasing the apparent capacitance of the dc grid by emulating a large capacitance using the energy stored across multiple MMC [12] . A limitation of the first approach is that the amount of power that can be buffered by the arm capacitors is limited, especially at lower frequencies (e.g. 0.2 Hz). The second method overcomes this by distributing responsibility among multiple converters connected to the same dc grid [12] . Each converter needs only a local measurement of dc voltage to emulate a virtual capacitance. This virtual capacitance can be an order of magnitude (or more) larger than the equivalent dc grid capacitance. Since this capacitance appears in parallel to the dc grid capacitance, it provides a low impedance path for current (and hence, power) at the oscillation frequency. This method will be referred to as virtual capacitance support (VCS) henceforth. VCS can offer functionality that would otherwise require a dedicated converter connected to energy storage, which would be more expensive and bulkier. This makes the VSC attractive because it can be implemented by adding a few extra sub-modules or by increasing the capacitance and operating voltage of the sub-modules. This will be discussed further later in this paper. An additional benefit of VSC is that it can improve transient stability of the dc grid since the apparent grid capacitance is increased. This can be compared with virtual inertia support in ac grids [13] . Other methods for emulating virtual capacitance using the energy storage of the MMC can be found in literature [14] [15] [16] . However, as will be shown later, these methods are not suitable for emulating the large capacitance value required by VCS.
An initial formulation of the VCS method, together with a preliminary analysis, was presented in [12] . The analysis in [12] represents the ac grids by ideal voltage sources with the POD controller effect emulated by an oscillating active power injection. This can be used to show the basic principle of the method. However, the results in [12] are not sufficient to show the feasibility of the method under practical conditions. This paper presents extensive analysis and validation of the VCS method using modal analysis and time-domain simulations under more realistic conditions. Unlike [12] , this paper uses a multi-machine system with a proper representation of the POD effects. Moreover, the method is experimentally validated on an 18-level MMC using a power hardware in the loop (PHIL) approach, which is a
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The remainder of this paper is organised as follows. An average model of the MMC is presented in Section 2, followed by a description of the VCS method in Section 3. The case study system is introduced and analysed in Section 4. The analysis focuses on identifying poorly damped inter-area modes in the system. Section 5 discusses the design of a POD controller to damp the identified inter-area mode. The results are presented in Sections 6 and 7.1 followed by discussion and conclusions in Sections 8 and 9, respectively.
Modelling of the MMC
A simplified average model of the MMC suitable for representing power balance and energy dynamics is presented in this section. Dynamics of the MMC is affected by the adopted modulation technique, which is the method for calculating the insertion indexes from the voltage references. The method used in this paper is compensated modulation (CM) [19] , also known as indirect modulation [20] , which calculates the insertion indexes by dividing the voltage reference by the respective arm voltages. When CM is used, the ripples in the arm voltages can be neglected without affecting the accuracy of the model [21] . This means that the MMC energy can be represented by one aggregate state if the average values of the arm voltages are assumed to be balanced [21] . Thus, only one arm energy state is used per MMC. All the equations in this section are in per-unit with the base values specified in the Appendix. The base value for the energy [W b in (13) in the Appendix] is chosen so that the relation between arm voltage and arm energy is given by
where w and v are the arm energy and the arm voltage, respectively, in per-unit. Fig. 1 shows one leg of a three-phase MMC, together with the definition of important variables and their respective polarities. The analysis in this work is not strictly dependent on the type of sub-module, which means that the results are applicable to different sub-module topologies. However, for the sake of clarity half-bridge sub-modules are assumed in the following (see Fig. 1 ) because the half-bridge topology in general offers fewer features than a full-bridge topology. For the purpose of the derivation, the upper and lower arm inserted voltages, v u and v l , are decomposed into common-mode, v c , and differential, v ac , components as given by
The arm current is also similarly decomposed as shown in
The scaling factors result from the per-unit conversion where the arm voltages and currents are divided by the dc base values, while the ac quantities are divided by the ac base values. The average energy dynamics of the MMC shown in (4) can be derived by using these definitions of ac and common mode quantities:
where c p is the per-unit arm equivalent capacitance, and i c is the circulating (common-mode) current. v dq * and i dq are the ac voltage reference and the ac current in dq domain, respectively. Equation (4) shows that the stored energy is constant when the ac and dc powers of the converter are balanced. The dynamics of i c and v dc are shown in (5) and (6), respectively:
where l dc and r dc are the arm inductance and resistance in per-unit to the dc base values:
where i dc is the dc line current and c dc is the equivalent dc side capacitance in per-unit. The ac current dynamics are given by
where ω is the fundamental frequency in rad/s and v gdq is the grid voltage in the dq domain. The variables l ac and r ac are the equivalent ac side inductance and resistance in per-unit to the ac base values. Equations (4)-(7) constitute a fifth-order model [21] used to represent the MMC in this paper.
Virtual capacitance support
The power balance in the MMC can be achieved using arm energy controllers, which are implemented using cascaded PI [12] . Under normal operation, the reference to the energy controller, w*, is set to a constant value. This means that the controller tries to balance any change in ac power with power from the dc side so that the arm energy stays constant. In the case where the MMC is involved in POD, oscillating active power (0.2-2 Hz [8] ) needs to be injected into the ac side. The energy controller transfers the oscillation to the dc side, which is then propagated further into other connected ac grids interfaced by converters participating in dc voltage regulation. This can be avoided if the energy controller is designed not to balance the oscillating part of the ac power into the dc side, and instead diverts the oscillation from the dc side to the arm capacitors. This is achieved in this paper by adopting the VCS method, which emulates a virtual capacitance using the MMC energy storage by generating the energy reference from the dc voltage measurement as shown in (8) [14, 15] :
where w v * is the virtual energy reference and k v the virtual capacitance normalised by the arm capacitance. For example, k v = 1 gives a virtual capacitance equal to the six times the arm capacitance of the MMC (one per arm). The corresponding arm voltage when providing VCS using (8) is given by
The arm voltage is normally designed to be close to the dc voltage to minimise size and cost of the converter. This implies that the value of k v has to be close to one to give a feasible solution. However, it was concluded in [12] that the value of k v should be in the order of 100 to give sufficient virtual capacitance for the purpose of diverting the POD oscillation. Therefore, the method given by (8) is not suitable for the application in this paper. Shinoda et al. [16] propose a method which subtracts the nominal dc energy from the energy reference as shown in
where v dc0 is the nominal dc voltage. This approach decouples the nominal dc voltage from the emulated capacitance, which enables larger values of k v compared to (9) . However, slow changing deviations around the nominal voltage can cause large energy changes. For example a 1% variation of the dc voltage with k v = 100 results in a 2 pu change in energy, which is not practical. Therefore, this paper uses a modified capacitance emulation scheme [12] that acts on the changes in dc voltage Δv dc , which does not contain dc or slowly varying components. A block diagram of the VCS scheme is shown in Fig. 2 , where the washout filter is used to remove the dc (constant) component and slow changes in the dc voltage (i.e. extract Δv dc 2 from v dc 2 ), and the low-pass filter reduces the gain at high frequencies to avoid noise amplification and instability problems. The output, Δw v *, is added to the constant energy reference, w*. The filter time constants are chosen such that there is a close to zero phase shift around the frequency of interest (0.2-2 Hz) in order to satisfy the relation between dc voltage and energy given in (8) around the oscillation frequency. Lead-lag filters can be used if additional phase adjustment is needed, for instance, to compensate for the lag introduced by the energy controller. The upper limit Δw max in Fig. 2 is placed to avoid exceeding the voltage rating of the arms (the sub-modules), while the lower limit, Δw min , is used to avoid overmodulation. Over-modulation occurs when the arm voltage is below the reference for the inserted voltage. This results in saturation of the insertion indexes, which leads to loss of control, and generation of harmonics [22] .
Energy storage requirements
The implementation of the VCS method places a constraint on the arm voltage operating point because it is desired to provide the service without disrupting the normal operation of the converter by causing over-modulation. In order to avoid over-modulation, the converter should be run with the arm voltage being higher than the maximum inserted voltage reference. This gives headroom for downward changes in the arm voltage without over-modulation. The size of the headroom defines the amount of energy available for the service without affecting normal operation of the converter. The maximum deviation in energy, Δŵ max , for a given peak POD power output by the converter, p, is calculated by computing the area under the largest active power swing (see Fig. 3 ) as given in (11) [11] , which is derived by neglecting the effect of damping over one swing:
where c p is the per-unit arm capacitance, M is the number of converters providing VCS, and ω osc is the oscillation frequency in rad/s. The factor 1/6 is because the ac active power is shared equally among the six arms. In (11), it is assumed that all the converters are contributing to the VCS equally. The corresponding maximum arm voltage deviation, Δv^m ax , can be calculated from the relationship between arm energy and voltage [see (11) ]:
where V 0 is the nominal dc arm voltage in per-unit. The maximum arm energy variation is inversely proportional to the frequency of oscillation, which means that for the same maximum energy variation, more POD power can be absorbed at higher frequencies.
For example, a 900 MW converter with an arm capacitance of 0.015 pu can absorb up to 25 MW peak power at 1 Hz and 12.5 MW at 0.5 Hz for the same maximum energy deviation of 0.2 pu. More detailed analysis of the energy storage requirement and its sensitivity to frequency and other system parameters are presented in [11] . It should be noted that for the case of POD, the two limits in Fig. 2 should be chosen to accommodate the largest power swing. This is because in the worst case of zero damping the power oscillation will have equal positive and negative peaks. From (11) and (12), it can be concluded that the arm voltage should have a headroom of at least Δv^m ax above the maximum inserted voltage (i.e. the rated dc link voltage). Such a headroom can be obtained in two ways [11] : (i) increasing the number of submodules, and (ii) increasing the voltage rating of each sub-module so that the arm can be operated at a higher voltage. Additionally, the arm capacitance can be increased to reduce Δv^m ax . Option (i) is promising for existing designs because the MMC normally has extra sub-modules for the purpose of redundancy, which can be leveraged for this purpose. However, for new designs, a better solution can be found by optimising, for cost and volume, a combination of the two options and an increase in the arm capacitance.
Case study system
The system used for the case studies in this paper is shown in Fig. 4 . It is composed of three isolated ac grids that are interconnected by a three terminal MMC-based MTDC network. Two of the ac grids are onshore ac networks (AC Grid 1 and 2), while the third ac grid is an offshore wind-farm represented by a single equivalent generator, G4. AC Grid 2 has two areas that are 110 km apart: Area 1 with G2 and G3, and Area 2 with G5. The model of the case study system was built using custom library components developed using Simscape Language from MathWorks [23] . All component models are in dq domain with constant values in the steady state so that it is possible to use the same model for linear analysis. The generators are represented using a detailed sixth-order machine models and were validated against DigSilent PowerFactory [24] . The MMC is represented by a simplified fifth-order model presented in Section 2. All converters are equipped with active and reactive power controller. Conv1 is controlled in droop mode, while Conv2 and Conv3 are controlled in constant power mode. Conv2 (shown in red in Fig. 4 ) is replaced by a physical converter for PHIL testing as explained in Section 7.1. Component parameters for the test system, adopted from literature [8, 25] , are given in the Appendix. The case study system will be analysed in this section using modal analysis and time-domain simulations in order to identify poorly damped electromechanical modes that will be damped using POD on one of the MMC converters in the MTDC grid.
Modal analysis
The case study system has 138 states that are associated with the generators, converters, controllers, and measurement filters. The system is linearised around an operating point shown by the loadflow condition depicted in Fig. 4 . A definition of observability is presented here because it is used frequently in this paper.
Observability measures (or mode shapes): Observability measures are elements of the right eigenvector of the state matrix. They indicate the relative observability of a certain mode in all the states when that mode is excited. The values are complex numbers, where the magnitude shows the extent of the observability and the angle shows the relative phase shift in the states with respect to the mode [8, p. 714] .
Two poorly damped electromechanical modes, listed in Table 1 , are identified in the study system using the modal analysis. Poorly damped electromechanical modes are defined in this work to have damping below 5% and frequency in the range 0.2-2 Hz. From the observability/mode shapes of speed state variables, Mode 1 is found to be a local mode between G2 and G3. On the other hand, Mode 2 is an inter-area mode with G2 and G3 oscillating together and G5 on the other side is shown in Fig. 5 . The inter-area mode, Mode 2, is chosen for further analysis to study the performance of POD with VCS.
Time-domain analysis
The time-domain simulation results shown in Fig. 6 support the modal analysis presented in the previous section. A fault at bus B14 creates a disturbance in the system and excites the inter-area mode (Mode 2). It can be seen from the generator speeds that an oscillation at ∼0.53 Hz is visible in the response plots. This frequency is the same as the damped natural frequency of Mode 2 in Table 1 . The damping is also consistent with the modal analysis result. It can also be observed that G2 and G3 oscillate together while the oscillation in G5 is shifted by ∼ 60° with respect to the other generators. This is an indication of an inter-area mode since G2 and G3 are in Area 1, and G5 is in Area 2.
Power oscillation damping
This section presents the design of a POD controller integrated with control of Conv2 to improve the damping ratio of Mode 2 to be above 5%. The input-output pairing for the POD controller is chosen so that the input gives high observability and the output gives high controllability of the selected mode [26] . Using this approach, the input is chosen to be the phase locked loop (PLL) angle (θ PLL ) while the output is active power (Δp).
The basic structure of the controllers is shown in Fig. 7 . It includes a washout filter, a lead-lag compensation, and a gain with the limiter. The washout filter removes any dc offset from θ PLL , and the lead-lag block provides phase angle adjustment. There can be multiple lead-lag blocks in series depending on the amount of angle compensation needed. The design of the POD controller parameters is done using the root-locus method [27] . First, root-locus plots are made for the system with active power reference as input and the output of the washout filter as output. Then, the departure angle of the mode of interest is calculated from the plot. The required compensation angle is computed to be the amount of angle required to rotate the departure angle towards 180° so that the maximum possible damping improvement for a given gain is obtained. The gain is chosen to achieve the desired level of damping. For the case study system, the washout filter time constant is chosen to be 5 s, the mode of interest has frequency of 0.53 Hz, and the desired level of damping is >5%. Taking these values into consideration, the resulting design is to have two stages of lead-lag each one providing 48° angle boost, and the gain is set to be k pod = − 0.06. Another possibility to achieve the same effect on Mode 2 is to use a positive gain and two lead-lag blocks each providing −42°. However, these values are not adopted because, for this particular case, they cause other modes to be unstable. As one of the goal of the paper is the experimental validation of the VCS method with POD, it should be noted that there is a difference between the simulation and the experimental setup representation of the angles. Since the simulation is in dq domain, every angle is measured with respect to the reference machine, which results in constant angle values in the steady state. However, this is not true in practical systems which are in abc domain since there is no reference machine and all the angles are linear functions of time and fundamental frequency. Therefore, a washout filter is not sufficient to remove the linear time variation. After passing through the washout, the PLL angle still has a dc offset equal to ω T w , where ω is the steady-state grid frequency. The solution used in this work is to subtract ω T w from the output of the washout filter ( Fig. 7) . ω can be calculated by applying filtering or averaging to the PLL frequency over a few tens of seconds so that the electromechanical range is not affected. It should be noted that this subtraction of ω T w is not necessary for the phasor simulation.
Simulation results
This section presents the performance of the VCS method. To this end, three case studies are considered. The first case is a base case where both the POD and VCS are disabled. In the second case, the POD controller is enabled to improve the damping of Mode 2, while in the last case both the POD and VCS controllers are enabled. These three cases are labelled Base, POD, and POD + VCS, respectively. Each case is studied using modal analysis, timedomain simulations, and laboratory experiments. The arm voltages of all the MMCs including the physical one are set to be 10% above the nominal dc voltage. As will be shown, this 10% headroom is more than what is required for VCS. The VCS gain is set to have a value k v = 125.
Modal results
The values of Mode 2 under the three case studies are shown in Table 2 . It can be seen that the POD controller moves the mode to the left with only a minor shift in the frequency, which results in the maximum possible damping improvement for the given gain. Note that the VCS does not affect the location of the mode in the complex plane ( Table 2) .
Observability of Mode 2 in the speed states of the generators in the system is shown in Table 3 . The magnitudes are normalised by the maximum values in each column and presented as percentages. Mode 2 is most observable from the states of G5 as can be seen from the speed in Table 3 and the rotor angles in Table 4 . As discussed in Section 4, the mode is an inter-area mode in Grid 2, where G2 and G3 oscillate against G5. This is evident from the observability angles in Table 3 . It can be noted that the mode is slightly observable in Grid 1 (0.4% in G1, and 0.6% in G6, for the rotor speeds) even in the base case. This is because the oscillation in the grid appears as a disturbance to the active power controller, which tries to reject it. However, complete rejection of disturbance using a PI controller is only possible at dc. This creates a residual oscillation in active power which is transferred to the dc side by the energy controller. This is then picked-up by converters participating in dc voltage regulation. Converters controlled in constant power mode, such as Conv3, do not pass this oscillation into their ac sides [28] . When POD is enabled the mode becomes more observable in the AC Grid 1 (see G1 and G6 in Table 3 ). The observability in the speed of G1 increased from 0.4 to 7.6%, and from 0.6 to 9.5% for G6. The same pattern can be observed from Table 4 , where the observability of Mode 2 in the rotor angles of G6 increased from 0.8 to 13%. This is in accordance with the discussion in this paper that POD propagates the oscillation to other connected grids via the dc grid. When VCS is enabled, the observability of Mode 2 in AC Grid 1 decreased by a factor of more than 3 ( Table 3) . The same can be seen from the rotor angle in Table 4 . Another interesting plot is the observability mode phasor plot of Mode 2 in the MMC energy states of the three converters in Fig. 8 . The figure compares the POD case with the POD + VCS case to highlight the changes when the support function is enabled. In the POD case the three energy states are oscillating in different directions (with different phase shifts). In this case the energy controllers are working to keep the MMC energy states constant irrespective of disturbances. They cannot completely reject the oscillations in power because they have a PI structure. Therefore, there is a residual oscillation in the energy states. The phase angle of the observability in Conv2 is close to 90° because there is an integral relationship between active power and energy. For Conv1, the disturbance comes from the dc voltage droop controller, which tries to oppose the oscillating power injected by Conv2. Hence, the observability of Mode 2 in Conv1 energy appears almost opposite to that of Conv2. Since Conv3 is not participating in dc voltage control, observability of the mode in energy state of Conv3 is significantly lower than the others. When VCS is enabled, the three energy states are more aligned with each other and also with the mode (i.e. the observability angles are close to 0°), which means that they are collaborating effectively in absorbing the oscillation. This will be more evident from time-domain results in the next sections.
Time-domain simulation
Simulation studies were performed based on the three case studies used in this paper. A fault at bus 14, which is applied at 10 s and cleared after 75 ms, is used to excite the inter-area mode in AC Grid 2. The fault is cleared without changing the grid topology, which means that the system dynamic properties before and after the fault are the same. Fig. 9 shows rotor angles of G5 (AC Grid 2) and G6 (AC Grid 1) under the three case studies. The rotor angle of G5 shows that the POD improves the damping of Mode 2. Moreover, by looking at the same figure, it can be noted that there is no visible difference in the damping and frequency of Mode 2 when energy support is enabled, which is in line with the modal analysis results. The same effect can be seen from the rotor speed of G5 in Fig. 10 . By looking at the measurements from G6, it can be noted that the machine starts oscillating when POD is activated. The frequency and damping of the oscillation are the same as that of Mode 2 in Table 2 . Once VCS is enabled, the oscillation in AC Grid 1 shows a significant reduction (by a factor of 3.4 taking the peak-to-peak ratio). Fig. 11 shows that the energy states start oscillating when VCS is enabled. This confirms that the oscillation is being diverted into the arm capacitors. The variations in arm energy are proportional to the variations in active power when VCS is enabled. This confirms that the oscillation is being diverted into the arm capacitors. The variations in arm energy are proportional to the variations in active power when VCS is enabled.
Experimental results
This section presents the experimental results using a PHIL approach. The test cases are the same as those used in the simulation results. A description of the PHIL setup is presented first, followed by the experimental results.
PHIL setup
The purpose of PHIL in this work is to validate the VCS and POD control schemes on a physical converter under realistic conditions. In the setup, Conv2, a 900 MW converter, is replaced by a scaled down 60 kVA, 18-level MMC. The scaling is such that the per-unit power, voltages, and currents are the same between the simulation and the physical system. This is achieved by exchanging per-unit currents and voltages between the two systems. Fig. 12 shows the test setup including a real-time simulator (from OPAL-RT [29] ), a power amplifier (from EGSTON Power [30] ), and the MMC (built by SINTEF Energy Research [31] ). The simulator is responsible for running the simulated system and interfacing with the power amplifier. The interface is where the scaling and transformations between abc and dq domain are performed. The transformation is necessary because the ac system is modelled in dq domain in the simulation. The principle is that the converter is represented by current injection in the simulation, while the grid is replaced by a controlled voltage source (grid emulator) connected to the actual converter. This arrangement for interfacing the power equipment to a simulated system is known as ideal transformer model [32] . The references to the controlled current sources are obtained from physical current measurements (I acmeas and I dcmeas in Fig. 12) . Similarly, the references to the grid emulator come from voltage measurements in the simulation (V acmeas and V dcmeas in Fig. 12 ). This creates a virtual connection between the physical converter and the simulated system.
PHIL results
The experiments were conducted at 450 V dc, which is 75% of the base voltage of Conv2P (600 V). Hence, the voltages are scaled such that a 1 pu voltage in simulation results in a 0.75 pu in the physical system. In order to preserve the per-unit value of power between the simulated and physical systems, the same scaling of 0.75 is applied to the physical current measurements before they are sent to the simulation. The arm voltage is 10% above the dc voltage 0.75 pu, i.e. 0.825 pu. The corresponding arm energy is the square of the arm voltage (0.825 2 = 0.6805 in pu). Figs. 13 and 14 show the rotor angles and speeds of G5 and G6 from the PHIL tests. The same pattern as the results from Section 6.2 is observed, where the POD causes the oscillations to propagate to AC Grid 1 and the energy support reduces the propagation by more than a factor of 3. Active power injected by Conv2P due to the POD action is shown in Fig. 15 , which shows a significant amount of distortion due to noise. The noise is not reflected in the rotor angles and speeds because the ac system has large inertia which filters fast variations. Arm energy of the Conv2P is shown in Fig. 15 for the three cases. The findings are once again similar to the simulation cases. From Fig. 15 , it can be seen the maximum variation in active power is ≃ 0.005 pu and the resulting variation in energy is ≃ 0.02 pu, which is inline with (11) . The experimental results show the same general trend as the simulation cases. However, when closely inspecting Figs. 9 and 13, it can be noted that the damping of the inter-area mode (Mode 2) is lower in the experimental case. This is mainly due to the time delays in the PHIL setup, i.e. the time elapsed from the measurement of the currents (or voltages) to the time when they are applied in the simulation (or power amplifier). These delays are caused mainly by the bandwidth of the power amplifier and one step time delays introduced to avoid algebraic loops in the simulation. In order to confirm the source of the mismatch between the simulation and PHIL results, the simulation was repeated taking into account the PHIL delays. Fig. 16 shows that there is a very good match between the simulation and the PHIL results when the time delays are considered (Sim + Delay).
Discussion
The results presented in the previous sections showed that AC Grid 2 in the system under test has a poorly damped (2.46%) electromechanical mode which was excited when a fault was applied to the system. The damping was then improved to 6.76% when POD was enabled on Conv2, the converter interfacing to AC Grid 2. However, this resulted in the oscillation of G6 (see Fig. 9 ), The amount of energy storage required for such a service can be calculated as shown in (11) . Equation (11) can be used in two ways. The first method is to define the maximum active power required by the POD service and then use this value to calculate the extra energy required. The second approach is to define the maximum possible energy deviation and then specify the available POD power. The first approach is more challenging because the POD power can vary depending on a number of factors such as damping of the mode, magnitude and location of the disturbance, and inertia in the system. In this paper, the maximum energy deviation is specified to be 20% (10% maximum voltage deviation), which gives about 75 MW peak power [25 MW from each converter according to (11) ]. This extra energy is obtained by either adding a few sub-modules or by increasing the operating voltage of each of the sub-modules. Increasing the sub-module capacitance reduces the voltage (energy) deviation for given peak power, which means that there will be fewer modules required or the voltage increase can be lowered. This action can be combined with the other two to obtain an optimal solution for a given application.
Conclusion
This paper explores the energy storage capability of the MMC to reduce the propagation of active power oscillations into connected ac grids due to the action of a POD controller.
The paper presents a detailed analysis and validation of a scheme to provide VCS to a dc grid. Since the virtual capacitance can be designed to be significantly larger than the equivalent dc grid capacitance, it provides a low impedance path for oscillating dc current. This action diverts the oscillations into the arm capacitors of the MMC instead of propagating them to the other ac grids. A 21 bus system is used to investigate the effectiveness of the scheme using modal analysis, time-domain simulation, and PHIL tests. There is a strong correlation between the results from the three studies, and they all show that the scheme can effectively divert the oscillation into the arm capacitors. It was shown that the VCS method affects only the observability of the mode in other grids, not the damping or frequency, as expected. Additionally, the PHIL tests show that the scheme is practically applicable since it was implemented using a scaled MMC prototype.
A requirement for the scheme is that the converter is designed with a slightly higher storage capacity compared to nominal design, for example 10% increase in sub-module voltage was used in this study. The amount of additional capacity can be chosen depending on the desired level of participation of the converters in providing the service. Optimisation of such extra energy storage requirement can be taken as future work. 
Appendix

Per-unit base values
The base values used for per-unit calculations for the converters are depicted in (13) . The base for both simulated and physical converters is given in the next section:
Converter and DC cable parameters
Parameters for the simulated and physical converters are shown in Tables 5 and 6 , respectively. The dc cables are rated for 900 MW at ±320 kV (total voltage 640 kV). They are represented by a πequivalent model with resistance per km of 0.0001 pu and shunt capacitance per km of 0.02 μF. The converter controllers are implemented as presented in [11, 12] . The MMC variables are grouped into ac and dc sides for per-unit conversion. The ac side includes ac currents and voltages. The remaining variables, such as arm voltages and currents, are considered as dc.
Synchronous machine parameters
The generators in this paper are represented by a detailed sixthorder model [8] with parameters shown in Table 7 . All generators are rated for 900 MW and have the same parameters except inertia time constant, H. The value of H is 6 s for G1, G2, and G3, while G4, G5, and G6 have 6.75 s. The automatic voltage regulator used with all the generators is of the simplified excitation system type. Hydro governor, HYGOV1, is used for G2, G3, and G5. The rest of the generators are gas turbine type (TGOV1). The transmission lines are represented by π-equivalent model with the r = 0.0001 pu/km and x = 0.001 pu/km with power and voltage rating of 100 MW and 380 kV, respectively. The transformers are rated for 900 MW and have per-unit impedance of 0 + 0.15i. 
